Summary. We have investigated the possibility that alterations in -the duration of the systolic preejection period can be used to estimate adrenergic influences on the human left ventricle. The preejection period was determined from high speed, simultaneous recordings of the phonocardiogram, carotid pulse tracing, and electrocardiogram. The preejection period was shortened by isoproterenol, epinephrine, and moderate doses of norepinephrine-all of which activate beta adrenergic receptors-and by cedilanid-D. It was unaltered by changes in heart rate induced by atropine and right atrial electrical pacing. Beta adrenergic receptor blockade by propranolol abolished the shortening effects of the three catecholamines but did not inhibit that due to cedilanid-D. Vasoconstriction, both alpha adrenergic (epinephrine and norepinephrine after propranolol) and nonadrenergic (angiotensin), prolonged the preejection period. Most of the shortening of the preejection period by beta adrenergic receptor activating agents and cedilanid-D and all of the prolongation accompanying pharmacologic vasoconstriction occurred after the onset of the first heart sound, thereby excluding changes in eiectrical-mechanical delay as a major factor in the observed preejection period responses. Shortening of the preejection period by beta adrenergic activity induced with isoproterenol was dose-related. Increasing doses of propranolol produced parallel shifts to the right in the isoproterenol dose-response curve.
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Introduction
The duration of the preejection period of left ventricular systole can be determined easily and these inotropic agents (2) (3) (4) . The myocardial actions of catecholamines can be abolished by beta adrenergic receptor blockade (5, 6) . These observations suggested that one might estimate the level of beta adrenergic influences on the human left ventricle by determining the effects of the beta adrenergic receptor blocking agent, propranolol [1-isopropylamino-3-( 1-naphthyloxy) -2- propanol hydrochloride] (6, 7), on the preejection period. Before the application of such a method it was necessary to test the following hypotheses: that beta adrenergic-mediated effects on the preejection period are distinct from alpha adrenergicmediated effects, dose dependent, blocked specifically by propranolol, and independent of heart rate. The present studies were designed to test these hypotheses and to determine whether the proposed approach would actually distinguish between normal and elevated levels of endogenous beta adrenergic activity.
Methods
The 49 normal subjects were healthy male volunteers, 20 to 42 yr old (mean age 33). 44 were inmates of the Ohio Penitentiary and five were research personnel. Studies were begun at approximately 9:00 a.m. with the subjects fasted overnight, unsedated, and supine. Cournand needles were placed in a forearm vein for drug infusions and in a brachial artery. Intra-arterial pressures were recorded with a Statham P23Db strain gauge transducer placed in a plane 5 cm below the sternal angle. Mean pressures were obtained by electronic integration. The carotid arterial pulse was recorded externally with a funnel-shaped pick-up and an air-filled Statham P23Db transducer. The carotid pulse, phonocardiogram (Peiker microphone), and electrocardiogram were recorded simultaneously at a paper speed of 100 mm/sec with 0.02 sec time markers (Fig. lA) . The Q-2 interval, which estimates total electromechanical systole, was measured as the interval from the beginning of the QRS complex of the electrocardiogram to the initial high frequency vibrations of the second heart sound. The duration of left ventricular ejection (left ventricular ejection time) was derived from the carotid pulse as the interval from the onset of its upstroke to the trough of the incisura. The preejection period was calculated by subtracting the left ventricular ejection time from the Q-2 interval. The preej ection period is that portion of electromechanical systole which precedes the ejection period (Fig. 1B) . 10 consecutive beats were analyzed and averaged for each determination. When sinus arrhythmia caused heart rate to vary more than 10 beats/min, 20 consecutive beats were analyzed. Heart rate was determined by dividing the average R-R interval into 60.
The preej ection period of a single beat is measured to the nearest 5 msec. Because the value reported for a subject is the average of 10 or 20 beats, the last digit of this value may be any numeral from 0 to 9. With care, recordings can be obtained showing a sharp delineation of the four landmarks used to determine the preejection period: onset of the Q wave, carotid upstroke and second heart sound, and trough of the carotid incisura. In a normal subject with regular sinus rhythm, recordings of consecutive series of 10 successive beats each yield averages for the preejection period which do not vary among series by more than 5-10 msec. Within each series the beat-to-beat variation is less than 10 msec. The technique has enhanced validity for pharmacological studies, such as the present one, in which each subject is his own control. In such studies it is essential that the records from both the control and experimental periods be read in exactly the same way.
The tracings of 20 subjects were analyzed further to determine the effects of various pharmacologic agents on the duration of the QRS complex and two subdivisions of the preejection period: the Q-1 interval (measured from the onset of the QRS complex to the initial high frequency component of the first heart sound) and the interval between the first heart sound and the onset of ejection (calculated by subtracting the Q-1 interval from the preejection period).
The initial series of studies attempted to delineate the effects on the preejection period of pharmacologic agents producing activation and blockade of beta adrenergic receptors, activation of alpha adrenergic receptors, and nonadrenergic vasoconstriction. In these studies isoproterenol hydrochloride was infused intravenously at 2.5 ,Ag/min, epinephrine hydrochloride at 5 Ag/min, 1-norepinephrine bitartrate at 7.5, 15, and 22.5 ,tg min, and angiotensin amide at 2.5 jug/min. The dose of norepinephrine is expressed as the base; for all other drugs, doses are given in terms of the salt. Normal saline was the diluent for all agents and was infused as a placebo. Separate infusions of isoproterenol and one other drug (epinephrine, norepinephrine, or angiotensin) were given to 25 subjects before and after beta adrenergic receptor blockade by 10 mg of intravenous propranolol hydrochloride.' 11 additional subjects received isoproterenol alone without beta adrenergic receptor blockade. Control observations on heart rate, preej ection period, and intra-arterial pressure were made at the start of each study, before and after propranolol, and at the end of the study. The following is a typical experimental sequence: control, isoproterenol, three dose-levels of norepinephrine, control, propranolol administration, propranolol control, isoproterenol, three dose-levels of norepinephrine, propranolol control. Propranolol was injected intravenously over a 5-10 min period. All other agents were administered intravenously at a constant rate by a motor-driven pump (Harvard Apparatus Co., Inc., Dover, Mass.). The total volume of fluid for these infusions was less than 50 ml. Data collection was begun during the 4th min of infusion of isoproterenol and epi- 1 nephrine and the 6th min of norepinephrine and angiotensin. The end of each infusion, including that of propranolol, was followed by a 15-20 min stabilization period before the next drug infusion was begun.
Another series of studies were performed to evaluate the effects on the preejection period of changes in heart rate and of graded doses of isoproterenol. In two normal subjects the responses of the preejection period were determined during changes in heart rate produced by electrical stimulation of the right atrium at various rates up to 126-142 beats/minute. This was accomplished by using a Teflon-coated, platinum-tipped, stainless steel wire catheter (8) ,2 inserted percutaneously via an antecubital vein, and a 2.5-5 ma direct current stimulus of 2 msec duration. In six subjects the preejection period was determined every 10-15 min for 30 min before and 2.5 hr after the rapid (5 sec) intravenous injection of 2 mg of atropine sulfate, an agent which produces nonadrenergic cardioacceleration (9) . On a 2nd day, the same 3 hr study was repeated in three of these subjects except that 5 ml of saline was injected instead of atropine. On a 3rd day each of these three subjects was studied with graded doses of isoproterenol (0.625, 1.25, and 2.5 bug/min).
Additional studies were done to determine whether propranolol would alter the responses of the preejection period to a nonadrenergic inotropic agent, such as a digitalis glycoside (10) . In five normal subjects, the preejection period was determined every 10-20 min for 30 min before and 2 hr after the intravenous injection of 1.2 mg of cedilanid-D. 4 months later these studies were repeated in the same subjects with the preejection period 2 Davis & Geck Division, American Cyanamid Co., Danbury, Conn. determined for 30 min before and 30 min after the intravenous infusion of 10 mg of propranolol and then for 2 hr after the intravenous injection of 1.2 mg of cedilanid-D.
The responses of the preejection period were used to test for competitive antagonism between isoproterenol and propranolol in one normal subject. The effects of propranolol on the isoproterenol dose-response curve were determined in this subject on 4 different days. Each day he received graded doses of intravenous isoproterenol preceded either by a saline placebo or by 2.5, 5, or 10 mg of intravenous propranolol.
Studies were performed in patients suspected of having excessive cardiac beta adrenergic activity. In six psychotic patients with persistent sinus tachycardia and one patient with a pheochromocytoma, secreting epinephrine and norepinephrine (as evidenced by elevated urinary excretion of epinephrine, norepinephrine, metanephrine, and normetanephrine), the duration of the preejection period was determined immediately before and after beta adrenergic blockade. The psychotic patients were afebrile, euthyroid by laboratory tests, free of organic heart disease, and off all medication. After propranolol caused cardiac slowing three of the psychotic patients were given an intravenous injection of 2 mg of atropine in order to restore their heart rates to prepropranolol levels. Probabilities were calculated with the paired t test (11) .
Results
The average preejection period in the 49 normal subjects was 105 (SE + 2) msec. The control data before and after 10 mg of intravenous propranolol are presented in Table I . In normal basal subjects propranolol lengthened the preejection u of the preejection period produced by isoproterenol, epinephrine, and cedilanid-D, respectively (Table V) . All the prolongation of the preejection period induced by epinephrine after propranolol, norepinephrine after propranolol, and angiotensin occurred after the onset of the first heart sound.
It is noteworthy that in addition to its effects on the preejection period propranolol slowed the control heart rate in normal subjects an average of 6 (SE + 1) beats/min (P < 0.001) without affecting arterial mean or diastolic pressure. Propranolol abolished all the responses to isoproterenol, including its increase of heart rate and arterial systolic pressure and its reduction of arterial diastolic and mean pressure. The same dose of propranolol has been shown previously to suppress almost completely the effects of isoproterenol (2.5 /Lg/min) on cardiac output and systemic vascular resistance (12) . Hence, the dose of propranolol employed was adequate to block the cardiac and peripheral arterial beta adrenergic receptors. As would be expected from the unmasking of its alpha adrenergic (vasoconstrictive) properties by beta adrenergic receptor blockade (12), epinephrine after propranolol exhibited a pressor effect accompanied by reflex bradycardia. The prepropranolol bradycrotic and pressor responses to norepinephrine were unaltered by beta adrenergic receptor blockade.
In each of three subjects who received a saline placebo but no drugs the preejection period did not vary more than 5 msec above or below the subject's mean value during a 3 hr observation period.
The effects on the preejection period of cardioacceleration by atropine and right' atrial electrical pacing are compared to those during isoproterenol infusion in Fig. 2 . After injection of atropine the heart rate rose from an average baseline of 68 beats/min to an average maximum of 104 beats/ min and then declined gradually over the next several hours. Neither atropine nor right atrial electrical pacing shortened the preejection period despite cardioacceleration up to levels of 128 (atropine) and 142 (pacing) beats/min. In contrast, graded infusions of isoproterenol shortened the pre-ejection period in a dose-related manner (Fig.  3) while modestly augmenting heart rate (Fig. 2) . In the one patient tested, pretreatment with increasing doses of propranolol produced parallel shifts of the isoproterenol dose-response curve to the right (Fig. 4) .
The psychotic patients with tachycardia had short preejection periods, averaging 88 (SE ± 4) msec (Table VI) . Propranolol administration prolonged these an average of 30 msec, or 34%o ('three times the normal mean response), while slowing the heart rate an average of 27 beats/min but not affecting arterial pressure significantly. After propranolol the injection of atropine in three psychotic patients returned their heart rates nearly to the prepropranolol level without affecting the preejection period. The' patient with a pheochromocytoma had a short preejection period (69 msec) which beta adrenergic receptor blockade prolonged 23 msec, or 33%c.
Discussion
The preejection period encompasses the time required for ventricular electrical activation, electrical-mechanical coupling, and the rise of left ventricular pressure from ventricular end-diastolic to aortic-diastolic levels. The shortening of the preejection period induced by isoproterenol, epi- nephrine, and cedilanid-D occurs largely between the onset of the first heart sound and the beginning of ejection, an interval which takes place entirely during left ventricular isovolumic contraction. The duration of isovolumic contraction is inversely related to the rate of rise of left ventricular pressure (13) . Since positive inotropic interventions accelerate this rate of rise (13), it would appear most appropriate to use the interval between the first heart sound and the beginning of left ventricular ejection in the detection of these inotropic influences. However, the onset of the first heart sound is often difficult to determine and its relation to intracardiac pressure events is considerably altered by the very inotropic interventions which shorten the preejection period (14) . For these reasons, the total preejection period is more reliable than either of its subdivisions as an indicator of these inotropic influences on left ventricular contraction before ejection. In addition to their positive inotropic actions, peripheral vasodilatation by isoproterenol and epinephrine, through its lowering of aortic diastolic pressure, may also contribute to the shortening of the preejection period induced by these agents.
The effects of catecholamines on the preejection period are conveniently discussed in terms of the dual adrenergic receptor hypothesis (15, 16) . Activation of beta adrenergic receptors causes cardiostimulation and vasodilatation while activation of alpha adrenergic receptors produces vasoconstriction (16) . In the present study isoproterenol, epinephrine, and norepinephrine, which activate beta adrenergic receptors, shortened the preejection period, confirming the earlier observations of Raab and his associates (1) . These effects of isoproterenol and epinephrine cannot be attributed to cardioacceleration since the present results with atropine and right atrial pacing would indicate that changes in heart rate do not, by themselves, alter the preejection period in man. In the present study shortening of the preejection period was greatest with isoproterenol, a drug with virtually pure beta adrenergic receptor activating properties (16) (Fig. 5) . It was intermediate with epinephrine, a drug with predominant beta adrenergic but also considerable alpha adrenergic properties (16) . It was least with norepinephrine, a drug with potent cardiac beta adrenergic receptor activating properties (16), but one which in man is more vasoconstrictive and pressor than is epinephrine (17) . Thus, the degree of shortening by these three agents appears to be related directly to their cardiac and vascular beta adrenergic effects and inversely to their alpha curve was obtained on a separate day. The first curve (solid line) was obtained after a placebo, the second after 2.5 mg of intravenous propranolol, and the next two after 5 and 10 mg of intravenous propranolol, respectively. Increasing doses of propranolol shift the isoproterenol dose-response curve in parallel fashion to the right. of these two agents (12) . This concept is supported by the observation that angiotensin, a nonadrenergic vasoconstricting agent, lengthened the preejection period both before and after propranolol. Thus vasoconstriction, both alpha adrenergic and nonadrenergic, prolongs the preejection period. In contrast, beta adrenergic actihity is characterized by a shortening of the preejection period, an effect which propranolol blocks. The prolongation of the preejection period accompanying the administration of norepinephrine after propranolol or angiotensin has recently been shown to be absent after cholinergic receptor blockade with 2 mg of intravenous atropine (18) . This finding is consistent with the hypothesis that the prolongation accompanying alpha adrenergic and nonadrenergic vasoconstriction is dependent on reflexly induced vagal impulses to the heart. The shift of the norepinephrine dose-response curve after propranolol (Fig. 6) demonstrates that it is possible to use beta adrenergic receptor blockade to detect beta adrenergic-mediated The findings in the present study suggest that the alpha adrenergic effect of norepinephrine is predominant at the lower doses while its beta adrenergic effect on the ventricle becomes increasingly prominent at the higher doses.
Stepwise increments in beta adrenergic receptor activation induced by isoproterenol shortened the preelection period in a dose-related manner. The amount of this shortening is therefore a function of the level of beta adrenergic activity. Increas (20) and at rest L of excessive beta adrenergic influ-in some patients with congestive heart failure left ventricle therefore requires that (21) . A rise in left ventricular end-diastolic pres-[on by propranolol exceed this normal sure, by diminishing the difference between itself [though the finding of an effect in and aortic diastolic pressure, might be expected to g subjects is consistent with suppres-shorten the preejection period. However, both acute pharmacologic vasoconstriction, as shown here, and heart failure (22) of the first heart sound, and consequently during the isovolumic period of left ventricular contraction. The remainder of the shortening by these agents may be attributed to a reduction of electrical-mechanical delay, an abbreviation of the period from the onset of the left ventricular pressure rise to the first heart sound, or both. The prolongation of the preejection period induced by epinephrine after propranolol, norepinephrine after propranolol, and angiotensin occurred entirely after the onset of the first heart sound, and therefore exclusively during the isovolumic period of left ventricular contraction. Thus, changes in electrical-mechanical delay do not appear to have a major role in the effects of these agents on the preejection period.
The psychotic patients with sinus tachycardia (presumably due to chronic anxiety) and the patient with a pheochromocytoma had short preejection periods. Beta adrenergic blockade lengthened these by an amount clearly greater -than normal (Fig. 7) . This marked response of the preejection period suggests the presence of excessive beta adrenergic influences on the left ventricle, an impression consonant with the exaggerated bradycrotic effect of beta adrenergic receptor blockade in the same individuals. Restoration of the heart rate to prepropranolol levels by atropine did not reverse the effects of propranolol on the preejection period.
The preejection period, can be measured easily and without trauma an unlimited number of times, making it well suited for repeated observations in man. Further studies applying the present approach may help in detecting abnormal states of cardiac sensitivity to adrenergic stimuli, in elucidating drug actions in man, and in delineating the role of autonomic influences in physiologic and disease states.
